DISCUSSION
AR signaling and PI3K-AKT-mTOR signaling are among the most common aberrant pathways found in advanced prostate cancer and are implicated in the development and maintenance of castration resistant disease. Preclinical prostate cancer models have shown crosstalk and cross-regulation between the two pathways, and enhanced tumor control with combination strategies that co-inhibit AR and PI3K-AKT-mTOR signaling.
We report results of a phase I study evaluating the safety and tolerability of standard dose abiraterone acetate (1,000 mg daily with prednisone 5 mg b.i.d.) combined with BEZ235, a potent dual pan-class I PI3K and mTORC1/2 inhibitor, in patients with progressive mCRPC. The original study design planned to determine the maximum tolerated dose (MTD) of the combination during 3 1 3 dose escalation, followed by a dose expansion phase to assess efficacy. The study protocol specified that if >1 of 3 or >2 of 6 patients experience a dose-limiting toxicity (DLT) at dose level 1, the study would be terminated. One of the first three patients accrued experienced a DLT at dose level 1 (abiraterone/prednisone plus BEZ235 200 mg b.i.d.), and three more patients were accrued at dose level 1 ( Table 1) . Two of the last three patients also experienced DLT, and the study was terminated due to lack of safety as specified by study protocol. The median age of the patients was 71 years (range: 59-75 years). The majority of patients (83.3%) had Gleason 8-10 disease. All patients had bone metastases with or without nodal metastasis; no patients had visceral metastases. All patients had previously progressed on abiraterone.
The combination of standard dose abiraterone acetate and BEZ235 200 mg b.i.d. was poorly tolerated. The median treatment duration was 27 days (range: 3-130 days). The most common adverse events were oral mucositis (83.4%), diarrhea (66.7%), nausea (50.0%), anorexia (50.0%), weight loss (50.0%), and musculoskeletal pain (50.0%). The DLTs experienced by patients (n 5 3, 50%) were grade 3 mucositis, grade 3 hypotension, and grade 4 dyspnea and pneumonitis. Five patients (83%) came off study because of study-related adverse events, and one patient came off study due to disease progression. No patient achieved any level of PSA decline (Fig. 1) . The best radiographic response in two patients was stable disease. The clinical development of BEZ235 as a potential therapy for prostate cancer has been discontinued. Pharmacokinetics studies were not performed because the study was terminated early.
Additional Details of Endpoints or Study Design
The original study design planned to determine the MTD of the combination of abiraterone acetate and BEZ235 during 3 1 3 dose escalation (phase I), followed by a dose expansion phase to assess efficacy (phase II). The primary endpoint of the phase I study was to determine the safety and feasibility of combining BEZ235 and abiraterone acetate. The primary endpoint of the phase II study was PSA response rate, by >50%, at 12 weeks. The study protocol specified that if >1 of 3 patients or >2 of 6 patients experience a dose-limiting toxicity (DLT) at dose level 1, the study would be terminated (Fig. 2 ).
Investigator's Analysis
Poorly tolerated/not feasible Abiraterone and BEZ235 in mCRPC
In this phase I study of the combination of abiraterone/ prednisone plus BEZ235, combination therapy was found to be intolerable. The PI3K (phosphoinositide 3-kinase) pathway is a major driver of cancer progression in different malignancies. Genomic aberrancy in the PI3K pathway is present in approximately 60% of mCRPC, and PI3K signaling has been identified as a major mechanism of resistance in mCRPC [1, 2] . Preclinical work from different groups has shown cross-regulation between AR signaling and PI3K-AKT-mTOR signaling [3] [4] [5] . Furthermore, combined inhibition of AR signaling and PI3K-AKTmTOR signaling has been shown to augment anti-cancer activity, particularly in models of prostate cancer with PTEN-loss [3] [4] [5] . This led to the hypothesis that co-inhibition of these two interconnected pathways may be a viable strategy to prevent or overcome resistance in patients with CRPC.
Clinical trials of allosteric mTOR inhibitors in men with advanced prostate cancer have demonstrated limited clinical activity [6, 7] . This was thought to be due in part to the activation of AKT and led to the development of strategies that target upstream of PI3K-AKT-mTOR signaling. Here, we report the first study designed specifically to target androgen synthesis inhibition in combination with targeting PI3K signaling in mCRPC. In this study, the combination of standard dose abiraterone acetate (1,000 mg daily with prednisone 5 mg b.i.d.) with BEZ235, a potent dual pan-class I PI3K and mTORC1/2 inhibitor was evaluated (Figure 1 ). The combination was found to be poorly tolerated, and dose escalation and cohort expansion was not possible.
Six patients were accrued at dose level 1. The median age of the patients was 71 years. The majority of patients (83.3%) had Gleason 8-10 disease (Table 2 ). All patients had bone metastasis with or without nodal metastasis; no patients had visceral metastasis. The median number of prior therapy for mCRPC was 2 (range: 1-3). All patients had previously progressed on abiraterone and were abiraterone-resistant. All patients were chemotherapy-naive ( Table 1) .
The median treatment duration was 27 days (range: 3-130 days). The most common adverse events were grade 1-2 oral mucositis (66.7%), diarrhea (66.7%), nausea (50.0%), anorexia (50.0%), weight loss (50.0%), and musculoskeletal pain (50.0%). Three patients (50%) experienced DLT: grade 3 mucositis, grade 3 hypotension, and grade 4 dyspnea and pneumonitis (Table 3) . Five patients (83%) came off study due to study-related adverse events, and one patient came off study due to disease progression (Table 4) . Of the three patients who received study therapy for at least 1 month (range: 38-130 days), none achieved any level of PSA decline (Figure 2) . The best radiographic response in two patients was stable disease.
Mucositis, anorexia, and weight loss are adverse events previously observed with PI3K-AKT-mTOR pathway inhibition and may represent a class effect of targeting the PI3K pathway. These adverse events were observed to a greater extent than anticipated. BEZ235 was administered in suspension, after sachets of the drug were dissolved in approximately 200 mL of water; therefore, the increased rate of mucositis observed may be related to higher drug exposure and absorption in the oral mucosa. All patients enrolled received maximal supportive care; therefore, our findings demonstrate an extremely low likelihood that pan-PI3K and mTORC1/2 inhibition can be achieved at the dose administered. It is likely that adverse events were contributed by off-target effects as well as on-target effects from inhibiting all class I PI3K isoforms in addition to mTORC1/2 inhibition, irrespective of their role in tumorigenesis. Based on these findings as well as findings from another study with this agent (NCT01634061, unpublished, but registered at ClinicalTrials.gov), clinical development of BEZ235 as a potential therapy for prostate cancer was discontinued. Of note, the development of BEZ235 has also been discontinued for renal cell carcinoma (RCC) due to high incidence of DLTs seen in a phase Ib study of BEZ235 monotherapy in advanced RCC patients [8] .
Metastatic castration resistant prostate cancer that has progressed despite abiraterone therapy is a challenge for drug development as no agent other than docetaxel chemotherapy has shown consistent clinical activity in this setting [9] . The rationale for targeting the PI3K-AKT-mTOR pathway in mCRPC remains sound, however, and distinct agents that may have a more favorable therapeutic index should continue to be explored. Agents targeting specific PI3K isoforms may be better tolerated and achieve greater therapeutic efficacy [10] , and several isoform-specific PI3K inhibitors are currently under investigation as monotherapy or as combination therapy in advanced solid tumors in early phase clinical trials [11] . Furthermore, mTOR inhibitors that compete with the ATP-binding site are currently under clinical development, including the combination of enzalutamide with a dual ATPcompetitive mTOR and DNA-PK inhibitor, CC-115 in men with abiraterone-and enzalutamide-naive progressive mCRPC (NCT02833883) [12] .
It remains to be determined what combination of AR and PI3K pathway inhibition will be both tolerable and clinically active. The combination of enzalutamide with BKM120, a panclass I PI3 kinase inhibitor, was investigated in a phase II nonrandomized study of BKM120 with or without enzalutamide in men with progressive mCRPC who failed or were not candidates for docetaxel chemotherapy [13] . Thirteen of 30 (43%) patients received BKM120 while continuing enzalutamide. Of all patients treated, treatment was not well tolerated (47% of patients experienced grade 3 adverse events), and no patient achieved >50% PSA response or objective response Click here to access other published clinical trials. 
